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" H O D  OF DESIGNING CORRUGATED GURFACE'S HAVING MAXIMUM COOLING 

EFFECTIVENESS W m  PRESSURE-DROP LOECATIONS FOR 

APPLICATION  TO C00T;ED TURBINE BLADES 

By Henry 0. Slone, James E. Eubbartt,  and  Vernon L. Arne 

A method utilizing  charts  is  presented  for  the  systematic  deter- 
mination of a corrugation  geometry  configuration  which,  for a specific 
application  to an air-cooled  turbine blade, gives  the  required  amount  of 
blade  temperature  reduction  using  the  minimum  amount of coolant flaw 
w i t h i n  pressure-drop lhftations. The cooling  effectiveness w i e s  ap- 
preciably  with  changes in corrugatfon  geometry  which  may  be  reflected in 
jmprovements in the  coolant flow and  pressure  requirements  for  air-cooled 
turbine  blades. 

A numerical  example  is  fncluded to illustrate  the  use of the  method. 
The  details of the  derivations of the  equations  and  charts  are also 
included. 

A good  air-cooled  turbine  blade  requires a design  which,  for a spe- 
cific  application,  will  give  the  required  amount of blade  temperature 
reduction  with  the  minimum  amount of coolant f low and  still  be  within 
pressure-drop  and  fabrication  limits. An analytical  investigation was 
undertaken to develop a reliable  method  for  the  selection  and  evaluation 
of corrugated-type  coolant  passage  configurations  for  convection-cooled 
blades. 

The  effectiveness of convection  cooling can be greatly  augmented by 
additional  heat-transfer  surface  in  the form of fins. A practical  type 
of fin is a corrugated  surface  brazed  to a wall or sheet.  At the present 
time,  air-cooled bhdes.having internal  heat-transfer  surfaces of the 
corrugated  type are promising  because of (1) the  high  heat-transfer ef- 
fectiveness of 
and  freedom in 
thiclmesa,  and 

corrugated  surfaces  (ref. 1) , (2) the  ease of fabrication 
selection of corrugation  height  or  amplitude,  gage  or 
spacing, (3) corrugated  surfaces can serve as structural 
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elements,  and (4)  corrugations of uniform height,  along with a blade in- 
sert,  give a more untform peripheral  distribution  of  the  coolant.  The I 

application of corrugated  surfaces  to  air-cooled  turbine  blades has been 
investigated  to some extent in reference 1 wherein  air-cooled  corrugated 
blades were c o w e d  with  air-cooled  blades  having  other  types of sur- I 

faces. An e-erimental  investigation  conducted in a modffied  turbojet 
engine  to  determine  the  cooling  effectiveness of an air-cooled  corrugated 
rotor  blade  is  reported in reference 2.. In addition,  experimental  tests 
of heat  exchanger  cores  using  corrugated  surfaces  are  described in refer- 
ences 3 and 4. 

- -  F F  
M 

Reference 1 presents  analytical methods whereby a single  corrugation 
geometry  configuration may be  analyzed on the  basis of cooling  effective- 
ness  and  pressure-&rap  limitations.  However, no systematic  procedure I s  
available for investigating 8 number of different  corrugation  geometry 
combinations in order  to  select  the  best  combination  for a given  applica- 
tion.  Consequently, a method us- available  theoretical  relations f o r  
heat  transfer  and  pressure drop was' evolved  which  enables  the  designer 
to investigate in a relatively  short  time a nuuiber of corrugation  geom- 
etry  combinattons  for any specific  application. This  method may be  used 
to  design an air-cooled  turbine  blade  with an internal  coolant  passage 
containing a corrugation  geometry  which  gives for the  application  under 
consideration  the  best  conibination  of (1) high  heat-transfer  effective- 
ness  and (2) the  lowest  possible  coolant flow xithin  pressure-drop  limi- @ 
tations. This report  presents  charts  which  relate  the  corrugation geom- 
etry  and  coolant  flow  to  the  effective inside heat-transfer  coefficient 
and  deecribes in detail -the  use of these  relations in the  selection of a 
corrugation  geometry. A numerical  example  is  presented to illustrate  the 
application of the  method  developed. 

This analytical  investigation  covers a range  of  coolant flows, c m -  
gation  amplitude Wrmg from 0.030 to 0.300 inch, corrugation  thickness 
varying from 0.0050 to 0.015 inch, and corrugation epacing varylng from 
0.020 t o  0.050 inch. Both  laminar and turbulent flow were.  considered 
with the  transition  region  between  Reynolds  nuuibers  of 2000 azid 8000 in 
accordance  vith  reference 4. 

ANALYSIS 

Equations  are  derived  that form the hasis for the  conetmction of 
charts  relating  the  corrugation  geometry and coolant flow to the  effec- 
tive  inside  heat-transfer  coefficient In addition, a procedure  is  de- 
veloped f o r  evaluitfiig the required  effective inside heat-transfer coef- 
ficient  for any specific  application of air-cooled turbine blades.  The 
coolant-flow  requirements  can  be  determined  for  each  corrugation  geometry w 
by  utilizing  the  charts in conjunction  with a w e  ... of  the  required  effkc- 
tive imide heat-transfer  coefficient. Also, curves are presented so that 

." 

.. 
- .  
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the f r ic t ion   coef f ic ien t  and  thus the pressure  requirements can be ob- 
tained. f o r  each  corrugation geometry  and coolant flow. The corrugation 
geometry requiring  the m i n i m u m  coolant flow can then be selected on the 
basis  of the  pressure available and the  ease of fabrication. Finally, 
equations and curves are presented for determining  the  absolute min imum 
coolant flow irrespective of pressure drop. 

4 

Since  the purpose of this report  is to   present  a method of design 
of corrugated  surfaces  for  application  to  air-cooled turbine blades, the 
type of blade shown in figure 1( a) is considered herein. This blade, 

thus a more uniform peripheral   distribution of coolant flow. Because of 
the  island  insert ,   the  design method presented herein is r e s t r i c t e d   t o  

w 
CD w h i c h  has an  island insert, permits corrugations of uniform  height and W 

Ai 

P 
a3 
0 corrugated  sections  having heat input on me side only. 

c;' 
cp an i s lad  insert ( f i g  . 1( a) ) such tha t  heat is t ransfer red   to  only one u side of the corrugated  section is shown in figure l ( b ) .  The principal 

A typical  corrugated  section of an air-cooled  corrugated blade with 

dimensions of the  corrugation are the  corrugation  thickness T, the cor- 
rugation  amplitude Y, and the spacing o r  distance between fins m, 
where m+Z is the  conventional  center-to-center  distance  (see  fig. l (b ) )  . 
(The symbols used in t h i s  r epor t   a r e   l i s t ed   i n  appendix A . )  Since it is 
d i f f i c u l t   t o  write such  equations as f o r  flow area and  wetted  perimeters 0 f o r  a typical  corrugation as sham in figure l (b ) ,  the  typical  corruga- 
tion  has been idealized in the  form of a rectangular  corrugation as sham 
i n  figure 1( c) . It is of in te res t  t o  show the  resultant  equivalent f Fn 
( f ig .  1( d) ) , where L is the equivalent f in  length.  Equations of the 
corrugation geometry may now be  wri t ten  for  a section of the idealized 
corrugation, and the equations may be adapted t o  a section of the typical  
corrugation.  Corrections  required t o  adapt the idealized  corrugation  to 
the typical  corrugation were at most 3.5 percent. A small braze f i l l e t  
was assumed t o  bond the typical  corrugation  to the blade shell and  island 
insert. (The equations of corrugation geometry are given in appendix B 
The assumptions  used in this analysis are listed In appendix C. ) 

Convective Hat-Transfer Coefficients 

Recent  experimental  heat-transfer  investigations for air flowing in 
both corrugated  shapes (refs. 3 and 4) and noncircular ducts (ref. 5) 
have shown that round-tube  correlations may be employed in  the  turbulent 
region.  Reference 4 shows that for air flowing  through  corrugated  shapes 
In the laminar regFon, the  Nusselt nurdber is a function of the rectan- 
gular tube aspect   ra t io  a. In addition,  the  investigations of refer- 
ence 5, which cover  wall-to-air  temperature  differences up t o  1200° F, 
suggest that the f luid  propert ies  be based on f i l m  temperature (arith- 
metic  average of the surface and bulk temperatures)  wherein  the f l u i d  
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thermal  conductivity  varies  as  the  square  root  of  the  temperature. For 
these  reasons,  the  present  analysis  used  conventional  round-tube  corre- 
lations  for  the  turbulent  region,  the  results  of  reference 4 for the 
laminar  region,  and  fluid  properties  defined  as  in  reference 5. For 
simplicity, fully developed flow was assumed,  assuring  conservative in- 
side  heat-transf  er  caeff  icienta . 

. 
" 

I- 
. . . - . - .. - . . . . . . . . - - ". . . . -. . . . " 

No analytical  information is presently  available f o r  flow in  the 
transition  region.  .However,  reference 4 presents  experimental  results 
for air f lowing  through  corrugated shapes of different  aspect  ratio  in 
the lambar, turbulent,  and  transition flow regions.  The  data  indicate 
that  the  heat-transfer  results  may  be  represented by a smooth curve in 
the  transition  region  over a range of Reynolds  number  from ZOO0 to 8000. 
The  results  presented in reference 4 are  therefore  used in the  present 
analysis  to  establish  the  transition  region. 

.. .. . 

- - .  m -  
R1 
Kl 

The  heat-transfer  correlations  used  to  obtain  the  convective inside 
heat-transfer  coefficients  for  the laminar, transition,  and  turbulent 
flow  regions .are sham in figure 2. For  laminar  flow,  the  results on fig- 
ur0 2 are  expressed by the  equation 

NU = F(u) (1) 

or 

- x  Re  Re 

where €?(a) is given in reference 4.  The  line  representing  turbulent 
flow was obtained  utilizing  the following eqqation  (ref. 5) : 

Nu = 0.023 (Pr)OS4 

Since  the  Prandtl  nmiber w i e s  only elightly  with  temperature 9 his a 
constant  value oFQ.655 for temperatures  above  approximately 1000 F 
(ref. 6) ,  its effect on heat-transfer  correlatians  is  negligible.  There- 
fore, with  Pr assumed  equal 

The  correlations  representing 
were  established  by following 
ence 4.  

to 0.655, equation (3) becomes 
" 

Nu 0.019 
Re 

the  heat  transfer in the  transition region 
the  experimental  trends  shown in refer- 

In accordance  W5th  reference 5, the  thermal  conductivity of the  alr 
is  directly proportlonal to the square root of t h e  temperature. In 



0 
. 

w 
(0 co 

c 

i 

IUCA RM E5-0 I 5 

addition,  the  viscosity of the air may be approximated by pa oc $07. 
With a reference  temperature of 1000° R used  to  evaluate  the  constants 
of proportionality,  the  expressions  for  the  thermal  conductivity and vis- 
cos i t y  became,  respectively, 

and 

Equation (5) is  used  to  express  the  Nusselt  number as 

ha Dh Nu = 

Similarly,  equation (6) is  used to give  the  Reynolds  nuniber as  

Re 

Employing the  coolant flow per  inch of corrugation w/(mfT) in eqpa- 
tion (8) glves 

Effective Ins ide  Heat -Ill.ansf er Coef f ic ient 

The  effective  Inside  heat-transfer  coefficient  is  used for evalua- 
ting the  coolant-flow  requirements  since  it  is an over-all  coefficient 
based on the  blade  shell  temperature and the  blade  shell  surface mea. 
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Equation ( 6 )  of reference 7 presents  the  following  relat Lon for the ef- 
fective  heat-transfer  coefficient  for a coolant  passage  containing aug- 
mented  heat-transfer  surfaces  such as fins or corrugations: 

" 

. " . .. 

h, hf = - 
m+7 + .: 0 

0-3 
N 
KJ 

wherein  coneistant  units  are employed. Expressing  ha in terms of the 
Mzsselt  number  as  given by equation. (7) results in 

L 

The  effective  inside  heat-transfer coefficient % for laminar,  transi- 
tion,  or  turbulent flow is  given  by  equation (11) once  the  corresponding 
Nusselt  number  is  incorporated.  For  the  purpose of constructing  the 
charts,  equation (11) is  rewritten  employing a base  value of thermal  con- 
ductivity of 16 Btu  per hour per  foot  per ?F ( th i s  value is typical  for 
high-temperature alloys 1 . 

.5 
P 
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chart s 

Plots of the  heat-transfer  parameter hf (lOOO/Tf) 0*5 against  the 

coolant-flow  parameter  are  obtained  using  the  rela- 
Tf 

tion  given by equation (12). The  Nusselt  number of equation (12) is ob- 

tained  from  figure 2 for  each  value  of & - (lr)0*7 - 'b using equstion 
Tf 

( 9 )  to  evaluate  the  Reynolds  nuniber.  Three  values of the  parameter 

(1$/K) ( Tf /lOOO) OS5 contained in equation (12) were  assigned  where K 
and Tf have  the  units of Btu  per hour per foot per OF and OR, respec- 
tively.  The  range  covered by these  three  values was considered  adequate 
for  most  applications.  The p l o t s  relating  the  heat-transfer  parameter  to 
the  coolant-flaw  parameter  are  presented in the form of working  charte. 
Charts I, 11, and 111 are  for  values of the  parameter (16/K) (%/lOOO) Om5 
equal  to 0.5, 1.0, and 2.0, respectively.  Each  chart conshts of nine 
figures  covering a range of corrugation  amplitudes  from 0.030 to 0.30 
inch;  corrugation  spacings of 0.020, 0.035, and 0.050 inch; and corruga- 
tion  thiclmesses of 0.005, 0.010, and 0.015-inch.  Each  figure  is  plotted 

and  covers  the l a m i n a r ,  transition,  and  turbulent flow regions.  The 
transition  region,  which  extends from a Reynolds  number of 2000 to 8000, 
is  represented  by  dashed  lines on the  charts. 

for  the  range of amplitudes  and  one  value  each of spacing and thiclmese 

The  maximum  difference in the  heat-transfer  parameter  between  charts 
I and I1 or charts 11 and III due  to  the  dif'ferences in the  parameter 

(16/K) (T,/loOO) O m 5  ranges  from  approximately 35 percent  for Y = 0.30 
inch  to 8 percent  for Y =I 0.030 inch. Although  interpolations may be 
employed  for  intermedfate  values  of (16/K) ( Tf/lOOO) Om5, it  is suff i- 
ciently  accurate  for  most  engineering  purposes to use  the  chart  with  the 

value of (16/K) (T~/~OCXI)O'~ nearest  the  value  for  the  conditions  being 
considered. 

Friction  Coefficients 

Figure 3 presents  curves  from  which  the  friction  coefficient  can  be 
obtained in order  to  evaluate  the  pressure  drop  through  corrugated pas- 
sages. As in the case of the  heat-transfer  carrelations,  the  friction 
coefficients for the  laminar  region  were  obtained f r o m  reference 4. In 

I- 
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addi t ion,   the   f r ic t ion  coeff ic ients  in the turbulent  region are repre- 
sented  by--the K&&n-Nikuradse l ine .  This l i n e  was sham  to   correlate  
the  large amount of data in reference 5. The transit ion  region on f ig-  
ure 3 w a s  established from the experimental  results of reference 4.  - 

- 
- 

In accordance  with the resu l t s  of reference 5, the f luid  propert ies  
" 

are based on film temperature. merefore, t h e  f r ic t ion  coeff ic ient  iE 
defined by (ea. (16) of ref. 5) 

= 
hx Pf  w2 
-D2 

and the Reynolds number, by eqmtion (9) . 

Required  Effective Heat-Trarmfer Coefficient 

A coolant passage having fins or corrugations has f o r  i ts  par t icular  
material and operating  conditions a specified maximum allowable surface 
temperature d i s t r imt ion .  The average C h O r d W i 8 e  allowable blade tempera- 
ture of an air-cooled turbine blsde v8,ries inversely with the blade 
stresses.   me  effective  inside  heat-transfer  coefficient  specified by: 
the maximum allowable b l d e  temperature a t  .a k r t i b  span posit ion 
is herein  designated  the  required  effective  heat-transfer  coefficient 
h This coefficient  varies along the blade span and is a function 
of the  coolant flow. The procedure for  determining h is ais- 
cussed in the following p&~'a@%phs. 

f , req' 

f ,req 

The equation f o r  the one-dimensional  temperature dis t r ibut ion of 
an air-cooled  turbine blade with heat  transfer and rotat ion is (see 
appendix D) 
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where . 

w 
Eu'  
(D 
(D 

9 

- 
hf 
U 

Equation (14) appl ies   to   s ta t ionary turbine blades if the ro ta t iona l  
terms are  omitted (a = 0). Once the allowable blade  temperature a t  any 
spanwise posit ion is f ixed and a l l  operating  conditions are specified, 
equation (14) implici t ly  expresses the value of h and therefore the 

required  effective heat-trassfer coeff ic ient  hf,req as a function of 
the coolant flow. Since this involves a lengthy  trial-and-error  solu- 
tion,  equation (14) is modified i n  appendix D such that an approximate 
solution is obtained di rec t ly .  A f i r s t - o r d e r  approximation f o r  the ro- 
t a t iona l   e f f ec t s  yields the equation 

req 

where @app is independent of both w/(m+~) and X. If 9 of equa- 
t i on  ,( 14) is approximated  by  equation (161, equation (14) can  be  solved, 
without  iteration,  to  determine  the variation of h with w/(mtT) 

f, re¶ 
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at any  spanwhe pastbfon once the  allowable  blade  temperature is fixed.. 
and a l l  operating  conditto& are specified. Tbe right side of equatim 
(14)  has been plotted in  figure 4 t o  permit this direct  aolution. In 
addition, the r a t i o  sapp/ has been computed In appendix D and is 

" 

" 

- .. z -- 
" 

" 

. .  - 

- 
1 hox plot ted in  figure 5 agatmt F~ 

- . ." . .me vaiue & this r a t i o  can 

now be used-to  obtain a second-order  correction.for the rotat ional   effects  0, or 

by using the approximate  value of" - hoX a6 determined w i t h  1 

c  P (+ m + 7  

w- 

lam 
as the  first-order  correction. A c$mparison of the solutions of 
for  severe  conditions  obtained  using-both  the  exact and  approximate 

- .  - -  . .  . " 

req . .  " 

methods is presented in appendix D. This c-omparison shows -excellent 
agreemen-etween the exact  solution and the   approxa te   so lu t ion  w i t h  
second-order  correction. 

.. . 
" 

-. 
. " 

For. any-allowable turbine  blade t&@ra-hire diatr ibut ion and speci- 
"" 

fied operating condTtims (methods for   obtainSng26 and ho w i l l  
be discussed in  the numerical example), curves of hf,req 
w/(m& can be plot ted fo r  various spanwist? positions. Such a s e t  of 
curves is i l l u s t r a t e d  Fn figare 6(a) .  The upper  envelope  curve repre- 
sents the minimum values of the effective  heat-transfer  coefficient6 
t h a t - w i l l  provide  adequate  cooling a t  all sgi3nwiae positionti. The span- 
wise pos i t ion   c r i t i ca l   for  a given  coolant flow is that a t  which the 
h curve  tangent t o  the envelope curve (.see f i g .  6(a)). BY 

def ini t ion,   the   cr i t ical   sect ion of an air-cooled blade is the epanwise 
posit ion where 8 c m v ~  of the actual  blade temperature dis t r ibut ion ob- 
tained  for a given  coolant flow is tangent  to a cwve  of khe spamfse -1 : .. - . - - 
allowable blade . temp5Fsture ' dis t r ibu t tmf(   re f  " 

,a1 
. .  - 

- 

against 
. -  

.- 
. .  

f ,req . .. . .  . .  - 

.. . . ." 

. . . . . " - 
- 

Once the -envelope  curve of hf , req has been determined f o r  a spe- 
cific  application, it .fs transformed t o  the scale and ordinate and ab- 
scissa  of charts I, 11, and 111. Figure  6(b)  presents the transformed 
envelope  curve of figure 6(a).  .The  transformed hp curve  can nuw 
be superTqsus&i on the workingsharts- for emluating.  the  required  coolant 
flaw f o r  each  corrugation gecmetry. With t h i s  value.of  required  coolant 
flow, the  corresponafng  pressure  requirements .can be computed. 

. .  - .. - . -  

I r=q 
. .  

- . .  

. .  
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Absolute M i n i m u m  Coolant Flow 

(u 
I a u 

In some instances, it may be desirable  to  determine  the minimum 
coolant  flow  required  irrespective of blade  configuration  or  pressure 
requirements in order t o  evaluate potent ia l  improvements in the  design of 
corrugated  blades. In addition,  the minimum coolant flow may be  used t o  
estimate  quickly  the  coolant  requirements  for any specific  application. 
An envelope  curve of %,req such as shown in figure 6(a) apprmches  the 
min imum value of coolant flow asymptotically. This value of coolant flow 
is herein  called  the  absolute min imum coolant flow, and f o r  a part icular  
s e t  of design conditions is limited by the  heat  capacity of the coolant. 
The value of the absolute minimum coalant flow can be determined from 
f igure 4, which covers  the complete  range of effective  heat-transfer 
coefficients from zero t o   i n f h i t y .  For a given  value of the ordinate, 
qreq + *, wherein cp is replaced by (Preq, a maximum value of 

hoX h0x can be  obtained. From this  value of , the  absolute 
c -  P &T)12 .%(a12 
minimum coolant flow f o r  any  value of hox can be determined. Values of 
these  absolute min imum coolant flows f o r  a range of values of Qreq + @ 

have been determined from figure 4 and are   plot ted  against  h$ in f ig -  
ure 7. For  values of 'Pres + * > 0.368, the  effect ive  heat- t ransfer  
coeff ic ients   required  for  the.minirmun coolant flows a re   i n f in i t e .  

Figure 7 can be used f o r  determining  the  absolute minimum coolant 
flow if the values of hox and qreq + @ are specifted.  Both  hox 

and 'res can be  readily  specified a t  any spanwise posi t ion from the 
particular  design  conditions. However, @ is interrelated  with  the  cool- 
ant flow and the  effective  heat-  transfer coeff ic ient  . It is therefore 
advantageous t o  express qreq + CP as follows: 

or 

NOW @ app/'Preq is independent of the  coolant  flow o r  effective  heat- 
t ransfer   coeff ic ient  and  can be computed from equation (16). In 
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addition, aaPp/ 4 is related on ly  t o  Preq + for -t;Be conditions  cor- 
responding t o  the  absolute m-lninnun coolant flow. This may be understood 
by  recall ing that for these conditions any value of Vreq  + * speci- 

.. . 

hox 
re la tes  aaPp /* t o   t he  product of I&+ and , a knowledge 6 

-~ - -e 
"2 
rr) cpi+)" of CP + * is suff ic ient  for determining * Consequently,  eqm- 

t i on  (17)  has been plot ted in f igure-8. From the  particular  design con- 
di t ions and any  value of xJb, values of 'Preq, Oapp/@req, and hox can 
now be computed. With these  values, 'Pres+ @ can be read from figure 8 
and, then,  the  absolute minimum coolant flow (s&n be read From figure 7. 
Several Val-ues of X/II and the corresponding value of qre, must be 
considered in order t o  determine the maximum value of'  the  absolute mini- - 

mum coolant  flow. 

req 

- .. 

PROCEDURES AND USE OF CHARTS AS ILLUSTRATED BY A NUMERICAL EXAMPIE a 
The procedure and charts contained in th i s   repor t  have  been set up 

f o r  the purpose of furnishing a corrugation geometry which gives  for a 
specific  application  the  best  combFaation of (1) high heat-transfer 
effectiveness and ( 2 )  l m e t  possible  coolast flow within pressure-drop 
l imitations.  The application chosen for t h e  numerical example Fs the 
selection of a corrugation geometry f o r  an air-cooled  turbine  rotor 
blade. 

. .  . . " . . - . . . . . . - .. - 

Before t h e  procednres and charts can be used, cer ta ln  independent 
variables nust be known or  calculated. These variables are determined 
from the  operatipg  conditions of the engine  being  considered-, and they 
remain fixed in the  selection of the  best  corrugation geometry. For t h i e  
example, an engine was ch5sen from reference 8 as one representative of 
futurist ic  air-cooled  turbojet   engines  with a turbine i n l e t  temperature 
of 3000~ R. me data required are as fouowa: 

(a) Average effect ive gas temperature Tg,e, 2653' R 

(b) Relatfve  total  cooling-air  temperature a t  turbine  blade inlet 
Tl, in, 1013' R 

(c)  Relative  total   cooling-air   pressure a t  turbine  blade  inlet  
pa,in, 5120 pounds per  square  foot I? 

d 
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(d)  Average  static gas pressure  across  turbine  rotor  tip  pg, 5416 
pounds  per  square  foot 

.. 
w (e) Turbine  hub-tip  radius  ratio  rT/rFn, 0.70 

(f) Turbine  hub  radius  rin, 1.05 feet 

(g)  Turbine  blade s g m  b, 0.45 foot 

(h)  Turbine  tip  speed UT, 1700 feet  per  second 

(i)  Angular  velocity a, 1133 radians  per  second 

( j ) Average  outside  heat-transf  er  coefficient ho as calculated by 
the  method  presented in reference 9, 0.0642 B t u  per  second  per 
square  foot  per OF 

Evaluation of Required  Effective  Heat-Transfer  Coefficient 

If curves of hf,req against coolant flow are  to  be  plotted  for 
various  spanwise  positions x/%, the maximum allowable  blade  temperature 0 %,al must  be known at  these  positions.  Values  of %,al are  based on 
the  local  spanwise  blade  stress level, the  stress-to-rupture  properties 
of the  blade  material,  and a suitable  factor  of  safety or stress-ratio 
factor  (ref. 1) . A limited  amount of experimental. information is  avail- 
able  (ref. 10) on stress-ratio  factors for a particular  air-cooled  blade 
configuration  and  blade  material. 

Blade spawise positions x/b equal  to 0, 0.25, 0.50, 0.65, 0.75, 
and 0.90 were  selected  for  this  example.  The  blade  taper  ratio  (defined 
as  the  ratio of the  blade  metal  area  at  the  tip  to  the  blade  metal  area 
at  the  root) was taken as 0.60, and  the  blade  stress  level  was  calculated 
by means of figure 2 in reference ll. The  values of desigu  stresses S 
(defined  as  blade  centrifugal  stress  multiplied by a stress-ratio  factor) 
and  the  maximum  allowable  blade  temperature T B , ~ ~  are given  in  the fo l -  
lowing  table for the  selected  values of x/b: 

Spanwise 
lated  using ref. l2. and position, 

%,al obtained  from S and Design stress S calcu- 

of blade  material, 
stress-to-rupture  properties 

x/b . a value of stress-ratio 
factor  of 1.50, lb/sq in. 

0 15 69 93,300 
.25 

19 67 13,060 .90 
18 49 30,850 .75 
1797 . 39,800 .65 
1730 56, OOO .50 
1643 75,900 
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The  stress-to-rupture  properties in this  table  are  obtainable  from  re-. . - 

cently  developed  high-temperature al loys.  1 

A setup  and  calculation  typical of those  required  for  determining 
hf rreq against w/(m+T) for x/b = 0.25 are as follows : + 

(1) F r o m  the  values of Tg,er T;,in, and 

(2) calculate aapp from equation (16) . .  . -" 

f 

and thus, 

( 3) The  parameter hoX ' :'- is determined  by assuming values of 

CP(&) * 
w/(m+T) . (Interpolation  in  the  case of fignre 4 may be  eliminated by 

assuming even  values of the  parameter h0x and calculating  the 

corresponding w/(m+~) .) Assuming cp = 0.24 Btu  per  pound  per ?!? gives 

" - 0.00251 
cp 12 
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(4) The following  setup FS now recommended for obtaining  hf,req 

at the  desired x/b position, which is 0.25 in t h i s  case: 

1 

0.012 

.016 

.020 

.024 

-030 

2 3 

.lo46 

.0837 .660 

4 1  5 1 6 1  7 

0.1525  0.926 

.0701 

.0552 .972 

0.01065 

.0103 

.0102 

0.6266 

.a64 

.6263 

.6263 

-6261 

* I 9  10 

1.1740 

.1246 

(5) Plot hf,req against w / ( m + ~ )  a t  each x/b posit ion and de- 
termine the upper  envelope ( see fig. 6 (a) ) . 

15 

Evaluation of Cooling-Air  Temperature a t  Blaae Outlet, Cooling-Air 

Bulk  Temperature,  and Film Temperature 

The cooling-air  temperature at the  blade  outlet  can be de- 

termined from a heat  balance Once the  actual  blade temperature a t  the  
blade  outlet  %,out i's computed using  equation (14). The heat  balance 
required for determining TL, out is 

ho(Tg,e - 'B,out) = hf,req(TB,out - ':,out) (18) 

Once TL,out is known f o r  a number of coolant flows w/(m+~), the aver- 
age cooling-air  bulk  temperature Tb can  be  evaluated f r o m  the following 
equation for any value of w/(m+z) : 



An average  blade  temperature %,av mustbe obtained  in  order  to  deter- 
mine the avexage film temperature q. It is convenient and suf f ic ien t ly  
accurate  to  obtain %,av from the  following  heat balance : 

- 
c 

Then Tf is evaluated from 

'b + %,av 
Tf = 2 

A calculation typical of that required t o  determine Tb, 
and Tf is presented for one value of coolant flow w/(m+z) = 0.020 
pound per second per inch. It is suggested that a suff ic ient  number of 
coolant flaws be used that a curve of T:,out against w/(m++ and thus 
curves of Tb and Tf agafnet w/(m+c) can be  obtained. 

(1) F i r s t  it is necessary t o  determine . This w i l l  be done ?E!, out 
by uti l izing  equation (14) and f igures  4 and 5. For w/(zn+z) = 0.020 
pound per  second per inah ,  h,req = 0.143 B t u  per second per foot per OF 0 
from the envelope curve of figure 6 ( s ) .  The following parameters must 
now be calculated: 

From figure 4, 

CP + @ = 0.486 
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or  

17 

9 + *app /rF) = 0.486 

The value of * ./ @ is ob'tained from f igwe 5, 
aPP 

and @app is evaluated from equation (16) as 

@app =I 0.08cP 

Thus, 

and 

cp = 0.444 

From the  definit ion of 'P, % may be  determined. 
I 

'ps, out = 2653 - 0.444 (2653 - 1013) = 1925O R 

(2) Equation (18) is now used to evaluate Ti,out. 

T:,out = 1925 - 0.143 (2653 - 1925) = 1598' R 

(3) From equation (19), 

Tb 2 
1013 + 1598 13m0 R 
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(4 )  The average f i l m  temperahre Tf .is determined by first ob- 

" 

t s in ing  TB,av from equation c20) . I 

. . .. " . . . -. . - -. 

h 
Tg, e f f,req (Tb) 

h, 

2653 + (l305) 0.0642 

(. + 0.0642 

TB,av = 1724' R 
0.143 

U s e  of Charts t o  Obtain C.oolant Flow 

The designer now has a choice of charts I, 11, or  111. For this - 

example, the  blade'material is assumed t o  have a thermal  conductivity of 
K = 20 B t u  per houb per l o o t  per- ?I?. Thie  value of K wae considered 
to  remin  constant.   Since the variation of film temperature  with  cool- 
ant  f low is small, an average  value of Tf E I O o  R was used. Thus, 

the parameter (16/K) (Tf/lOoO) O a 5  becomes 0.982, k d  chart I1 for 

(16/K) ( Tf/1000)0'5 = 1 .O is used f o r   t h i s  example. 

- 
- 

. -  
. .. 

. " - . . . -. . . . .  . . -  
.. . 
- 
,- ." 

-. . . . . - 

The envelope  curve of h ( f i g .   6 ( a > )  as cgnverted to  t h e  var- 
f , req . .  

.. . -1 

iables of the ardfnate and .abscissa of chart II is sham on figure 6(b) . 
This conversion was made u t i l i z ing   the   var ia t ion  in Tb and Tf with 
w/(m+T). In order t o  determine the  coolant-fluw  requirements f o r  each .- 
combination of the  geometrmarameters  .-yJAmJ. -.a .TI th_e hf,req curve 

. . . - ." 

- 

was drawn on vellum  paper and then superimposed on each figure of chart . .  

A -  . .  

11. Values of the coolant-flaw parameter - ('"")"' - ' 5 were read m + 7  Tf Tf 
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and tabulated f d r  each  combination of Y, m, and 7 considered. Values 
of Y greater  than 0.15 were eliminated in t h i s  example since  they were 
considered  impractical  for  conventional turbine blade  sizes.  

0.7 q, 
Once the  values of - - 

U:T (?:) - Tf corresponding to   the   in te r -  

section of the hf,req curve and the  curves  for each Y considered are 
tabulated,  the  actual  coolant flaw w/(m+z) must be determined.  For 
t h i s  purpose, 

obtained from 
previously. 

it is suggested that a supplementary  curve of 

- against w/(JE"T) be  obtained. Such a  curve is eas i ly  
TP 
% 

the  curves of Tb and Tf against w/(m+T) determined 

Calculation of Pressure Change 

The charts  presented in  reference 12 are  used  to determine the pres- 
sure change f o r  this required  coolant flow f o r  each corrugation geometry 
considered i n  the preceding  section. As an i l l u s t r a t ion  of the procedures 
of reference 12 ,  the pressure change w i l l  be obtained  for  the geometry 
combination m = 0.20, 7 = 0.010, and Y = 0.10. 

(1) From the  intersection of the b curve  and the curve f o r  
f , req 

Y = 0.10 on chart EL, - = 0.0112 pound per second per 

inch. Then, use of the supplementary  curve of 

against w/(m+z) results in the actual  coolant flaw w/(m+T) =I 0.01685 
pound per second  per  inch. 

(2)  In order to  evaluate  the parameter w d G / A f  p i ,  in of re f -  
erence 12, the f l o w  area is determined from the equation  in  appendix B, 

A,/m+z = 4.31~10-~ square feet per  inch. Thus, 

P 

pr: P&in 
= 0.243 
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(3) The  frdction  parameter 4fb/Dh contained in reference 1 2  (in 
terms of the symbols of ref. 12 this  parameter is 4f/Dh) is  evaluated 
'by determining  the  Reynolds  number  from  equation (9) and thus  the frit- 
tion  coefficient ff from figure 3. From the  definition of %, equa- 
tion (9), and  appendix B, 

% = 0.00285 fee-. 

Re = 3820 

CL = 4.50 

Thus, from figure 3, 

ff = 0.0078 

Mow, since  the  friction  coefficient  is  inversely  proportional  to  density 
o r  directly  proportional  to  temperature (see eq. (13)) fb can be ob- 
tained  from . . .  . -  

fb = 1352 (0.0078) = 0.0069 

Thus, the  friction parmeter becomes 

- =  
93. 4fb 9.68 

(4) The  blade  inlet  Mach  number qn is  obtained  from  figure 1 of 
reference 12 using  the  parameter w q G / A f  pilin 

MFn = 0.277 

(5) Using a linear  variation of cooling-air  temperature thrmgh t h e  
blade  and  the  incremental  distance Ax -of reference 12 as b/2 gives 
the  blade  outlet  Mach  nuuiber h t  as 
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(6) Once Mout is lmown, figure 1 of reference 1 2  is used to   deter-  
mine the  blade  out le t   to ta l   or   s ta t ic   pressure.  

In some cases,   for a particular  corrugation gpometry, choking may 
occur in   the  blade and the  required  coolant flow cannot be passed.  This 
geometry configuration would therefore  be  unsatisfactory. 

Reduction of Data and Selection of Coolant hssage  Configuration 

As the required  coolant flaw decreases for given  values of m and 
7, the  pressure drop through the  corrugation  configuration  increases 
corresponding to  decreasing  values of Y.  In addition,  the  coolant Mach 
numbers a t  the  blade inlet and out le t  may increase t o  the  point of  chok- 
ing. When e i ther  choking  occurs o r  the  pressure drop Fs equal  to  the 
pressure drop available,  the minimum coolant  flow  for  the  given m and 
7 is determined.  This in  turn  determines the value of Y for the min- 
imum value of coolant flow. For this reason, it is suggested that the 
calculated  pressure  drops  for  the various values of Y a t  f ixed m and 
7 be used t o  determine the  value of Y corresponding to  the  condition 
of calculated pressure drop equal to  available  pressure drop. Thus, f o r  
each  value of m and 7, a min imum coolant flow with i ts  corresponding 
value of Y FB determined. Although a further  reduction of the data 
may be obtained from additional  plots,  the  designer  can, at thfs point, 
make a selection of the  best  corrugation geometry configuration  by an 
inspection of the  result ing c3at.a. The procedure of determining Y f o r  
the min imum coolant flaw w i l l  be better i l l u s t r a t ed  in the following 
t ab l e   fo r  m = 0.020 inch and 7 = 0.010 inch: 

Y 

0.03 

.05 

.07 

.10 

.15 

.131 

Coolant flow, 
W 

nr+7 
- 

No solution, 
choking 

No solut  Ion, 
choking 

No solution, 
choking 

0.01685 

.01806 

.017 6 

Static  pressure 
at passage 
out le t  

"" 

"" 

"" 

4540 

5940 

5416 

Gas s t a t i c  
pressure 
across  rotor 
t i p  

5416 

5416 

5416 

5416 

5416 

5416 
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This table  shows that f o r  values of Y equal  to 0.030, 0.050, and 0.070 
inch,  the passage was choked and thusno  solut ion w a s  obtained  since  the 
required  coolant flow could  not  be  passed.  Solutions were obtafnsd, 
however, a t  values 02. Y equal . to  0.10 and 0.15 inch, and the corre- 
sponding s ta t ic   pressures  a t  the passage out le t  are. tab.ulated  along wlth 
the average gas s t a t i c  pressure ~bcmss the ro to r   t i p .  If it is assumed 
that  the  required  static  pressure a t  the  passage  outlet is equal t o   t he  
average  gas s ta t ic   pressure,  it is appaen t  that the minimum required 
coolant flow is obtained f o r  a value of Y between 0.10 and 0.15 inch. 
From a linear  interpolation of the   s ta t ic   p resswes  a t  the  passage  out- 
le t ,  the minirmun required  value of coolant  flow is 0.0176 pound per  sec- 
ond per  inch for Y equal  to 0,131 inch. Lt should be noted that - . 

w/(m+'C) is a true measure of the  coolant flow a i r c e  it .is the a i r  flow 
per  inch of corrugation. . I n  a similar manner, the  minimum required  cool- 
ant  flow and Y were deteimined fo r  a l l  combinations of m and 7. 
These- results are presented in table I f o r  this example-problem. For I 
comparison, -table I also  includes the absolute minirmrm coolant flow ob- 
tained for the conditions of the example calculation. The procedure 
previously  outlined was used t o  determine t h i s  absolute minimum coolant 
flow by considering a number of different  span positions. This value 
occurred a t  a span posit ion of . x/b = 0.75. It is of in te res t  that the 
absolute minimum coolant  flow, which is independent of pressure drop, 
agrees  within  approximately 30 percent w i t h  the lowest required  coolant 
shoxn-in table I. 

The corrugaticm.geometry  conibinations  preaented Fn table  I are  a11 
within  pressure-drop  limitations. Consequently, the best  corrugatFon 
geometry for the  application  considered need be selected o n l y  on the  
basis  of m i n i m u m  coolant  flow and ease of fabrication. Because of the 
s ize  of present  air-cooled  turbine blades, a smal l  value . o f  Y is de- 
sirous. For example, even though the minimum coolant flow occurs for 
the  geometry cambination of m =. 0.020, T 0.015, and Y = 0.143, t h i s  
configuration is rejected because of the  large value of Y. With refer-  
ence t o  table I, the corrugation geometry selected  for  the application 
being  considered is m = 0.020, 2 = 0.005, and Y = 0.10 inch. 

Another fac tor  which should be considered in the fiaal selection of 
a corrugation geometry is the weight of corrugation  material because a 
reduction in blade w e i g h t  results in a reduction  .in-turbine  weight and 
thus  engine  weight.  Since the W e i g h t  of corr'iIgatioq material  per running 
inch  and  per  unit  length is prvprtionaj-  t o  the  cross-sectim@l area   o f . .  
the  corrugation geometry (see appendix B) ,  a comparison of weights can 
be made on an area basis. Thus, for a par t icular   a l r foi l   cross-sect ional  
area,  the  increases  or  decreases in area due to  the  corrugation  geme- 
t r i e s  must be compared f o r  the  various  geometries  considered  in  the final 
selection. 

" 

.. . I 

" 

a- 

. ." 
.- 

4. .. 

L 
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A method  utilizing  charts has been  devised f o r  systematically  deter- 
mining an optimum  corrugation  geometry  configuration  for  application  to 
air-cooled  turbine  blades.  These charts show  that  the  cooling  effective- 
ness  varies  appreciably  with  changes in geometry  which may be  reflected 
ili improvements in the  coolant flow and  pressure  requirements. For many 
engineering  purposes,  it may be sufficient  and  desirable  to make a less 
detailed  study  than  that  suggested by the  procedure  presented in this 
report. For instance,  in  the  example  calculation  the  corrugation  thick-, 
ness T, in  .general,  had a relatively small effect  upon  the  minimum  cool- 
ant  flow  obtainable  with  the  pressure  drop  available.  The  chief  effect 
noticed in this  example  is  that  as  the  corrugation  thickness T is de- 
creased,  the  amplitude Y is also decreased.  Therefore, if small corru- 
gation  amplitudes  are  required (small corrugation  amplitudes  are  desir- 
able  in  order  to  provide  trailing-edge  cooling  with  minimum  traFling- 
edge  thickness),  possibly  only s m a l l  values  of  thickness  need  be  in- 
vestigated. Similarly, the  choice  of  the  corrugation  spacing m for 
initial  calculations  may  be  based on trends such as that  indicated by 
the  example  calculation  wherein  the  cooling  requirements  decrease  with 
corrugation  spacing.  However,.it  should  be  realized  that as the  coolant 
flow changes  from  turbulent  to  laminar  the  trend  obtained may also  change. 
For instance,  as  the  corrugation  amplitude Y decreases,  the  available 

generally  decreases  for laminar flow. For  these  reasons, no general 
trends  can be established  and  reasonable  care  must be taken if only  cer- 
tain  corrugation  geometries  axe  investfgated. In  any case, an inspection 
of  the  superimposition  of,  the  required  effective  heat-transfer  coeffi- 
cient  curve on all  figures  of  the  chart  being  used  seems  advisable so 
that  relative  changes in weight  flow  requirements  and flow conditions 
can be  compared.  Frequently, a quick  estimation of the  cooling  require- 
ments  is  desired  without  cons€deration of the  coolant  passage  configura- 
tion. As sham by the  example  calculation,  the  absolute  minimum  coolant 
flow (irrespective of pressure  drop  limitations  or  geometric  configura- 
tions),  which can be readily  computed  without  recourse  to  the  working 
&arts, is a reasonable  Fndication  of  the  coolant  flow  requirements. 

effective  heat-transfer  coefficient  increases f o r  turbulent  flow,  but 

For  practical  applications,  an  air-cooled  blade  with  choked flow or 
the  condition  wherein  the.pressure  drop  is  equal to the  pressure  drop 
available  is  undesirable.  Such a design w o u l d  provide no factor of 
safety. In addition,  heat-transfer  characteristics In the  transition 
region  and  even  Reynolds  numbers  for  transition  are  somewhat  uncertain. 
These  factors  should  therefore  be  considered in the  selection  of a corru- 
gation  geometry  configuration. 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Cleveland,  Ohio,  August 30, 1954 
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APPENDIX A . 
SYMBOLS 

The following syuibols are  used Fn this report : 

cross-sectional metal area,  sq in. 

flow  area,  sq  ft 

blade  length, or span, ft 

specific  heat  at  constant  pressure,  Btu/(lb) (9) 

hydraulic  diameter, - 4Af/ZW, ft 

function ." . .  . 

drag force, lb . .  

friction  Coefficient 

stand~lrd  acceleration of gravity,  ft/sec2 

convective  inside  heat-transfer  coefficient  for sir, 
Btu/(  sec)  (sq ft) ( O F )  

effective  Inside  heat-transfer  coefficient,  Btu/(  sec) 
(sq ft)(W 

required  effective  inside  heat-transfer  coefficient, 
Btu/(  sec) (sq ft) (9) 

outside  heat-transfer  coefficient,  Btu/( sec) (sq  ft) (9) 

mechanical  equivalent  of  heat, ft-lbbtu 

thermal  conductivity  of  corrugation  material 

thermal conductivity of air, Btu/(sec) (ft) ("F) 

thermal  conductivity  of  air at 10Oo R, 7.2>a0'6 
Btu/(sec)  (ft) ( O F )  

equivalent fin length, ft 

perlmeter, ft - . . . . . . 



0 W C A  RM E54H20 - 
M 
co CD 

M 
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NU 

Pr 

P 

PI' 

Re 

r 

s 

T 

T" 

u 
W 

W 

X 

Y 

a 

A 

'res 

P 

Mach number re la t ive   to   b lade  

25 

fin spacing, ft unless  specified in. 
Nusselt number, k%/k, 
Prandtl number, apg/& 

static  pressure,  lb/sq f t  abs 

total  pressure  with  respect to ro ta t ing  passage,  lb/sq f t  abs 

Reynolds n M e r ,  p%/pg 

radius, f t  

design  stress, lb/sq in. 

temperature, OR 

t o t a l  temperature  with  respect  to  rotating  passage, % 

blade speed, f t / s ec  

relat ive  bulk  veloci ty ,   f t /sec 

coolant flaw per corrugation,  lb/sec 

spanwise distance from blade inlet to any  point on blade, f t 

corrugation  amplitude, f t  unless  specified in. 

aspect  ratio,  longer  side of rectangular  tube 
shorter  side of rectangular  tube 

h O / h f  

hoke ,   req  

viscosity of air ,  slugs/(  sec) (ft) 

viscosi ty  of, air a t  l oOOo R, 6 .ooXLO'~ slugs/(sec) ( f t )  
s 

P density, lb/sq ft 

1 7 fin thickness, ft unless  specffied Fn. 
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f i r s t -o rde r   ro t a t iona l   cmec t ion  parameter,  eq. (16) 

. . .  

second-order 
.......... - ........ - "._.I". ""I. .. ". ... .. 1 - . " ~ "  ..___ 

. . .  rotational  correction  parameter,  eq. (15) ." 

. " . "I 

w m a r .  velocity,  radians/sec ., .. 

. Subscripts : . . .   . . .  . . . .  

a air 

a1 allowable 

aPP approximate 

av  average 

B blade . . . . . .  

b bulk 

e effect ive 

f denotes film except when used with A and h 

Q combustion -gas . . .  - . . . .  - - .... - 

." . iL ~ " ." - - -  ~ . 

- -. . 

. . . . .  .... . .... . . . .  -. - - - - , .  

i n  i n l e t  

ou t  ou t le t  - -  
. 1  ~ I "--_I 1 ~ I -  1 I. "1 -1 . .  

req  required 

T t i p  

w wetted 

.. ...... . . . . . . .  . >-.. .- ._.  ."- 

. 
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EQUATIORS OF CORRUG4TION GEOMETRY 

(1) Flow area per  inch of corrugation 

(2) Wetted perheter  per inch of corrugation 

(3) Equivalent, fin length  (ref. 1) 

L = -  Zw-m 2 

(4) Corrugation metal. cross-sectional  area  per inch of corrugation 

- = y - - +  A +e 7 
m+ m+z 
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APPENDIX C 
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ASSUMPTIONS 

1. The corrugation geometry is constant  peripherally and longi- 
tudinally. . . . . . , -....- . . -.- L .. . .1 

2.  The convective aside  heat- t ransfer   coeff lc ient  is an avgrage 
value fbr fully developed fiow. 

3. The viscosity of the  coolant is expressed by p,cLT . 
4 .  The conductivity of the  coolant ie expressed by &a@'5. 

5. 5 e  transition  region  extends over a Reynolds number range from 

0.7 

2000 to 8000. 
" 

6. The thermal  condu2tivity of the.  corrugation tiaterial is constant 
for any given  application. . .  . 

7. The outside  surface  length of the  blade  shell  is equal t o  the 
inside  surface  length. 

8. The outside  heat=trmsfer  coefficient and effect ive gas tempera- 
ture  are  constant  peripherally and longitudinally. 

.. 

. .  - .." 
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- DERIVATION aF EQUATION USED FOR EWALU.ING REQJJrrzED EFFECTIVE 

The  temperature  difference  equation  for  determining  the  actual  blade 
temperature  at any blade  spanwise  posit  ion x (eq. ( 18) of ref. 7) is , in M 

(0 the  present  notation, a 

I 
where 

Equation (Dl) includes  the  coolisg-air  temperature 
transfer  and  rotation. 

change  due to heat 

If the  maximum  allowable  blade  temperature %,al is  employed, 
eqyation ( D l )  expresses  the  value of Ares and  thus hfl,req as a func- 
tion of the  coolant  flow.  Since  equation (Dl) cannot be solved  for X 
either emlicitly or  directly by graphical  procedures , an approximate 
solution  is  used to account f o r  the  rotational  terms  contained In the 
equation. 

As a first-order  approximation of equation (Dl), it is assumed  that 
the  pumping  work  done on the  cooling air between  the  blade  inlet  and  the 
X position  is  added  Fnitially  to  avoid  the  use of the  last  two  terms of 
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equation ( D l )  when calculating % This is accomplished by increasing 
TI,in by  the pumping work. For a rotating  passage  the . necessary .. incre.ase 
i n  the  relatfve  total  cooling-air  temperature is 

eq' 

or 

u) x (x + Z r i n )  2 
AT:, in - I ZgJc P 

U s i n g  equation ( D 2 ) ,  the   f i rs t -order  approximation for  equation ( D l )  
becomes 

For convenience,  equation (333) is rewritten in the form 

cp + aapp - - ' e  - 
1+X 

where 

Equation (D4) can  be solved  graphically  for X as a function of coolant 
flow for any  positi-arr x once the  corresponding  value of the blade tem- 
perature TB ,x is  assigned. . . .  

The accuracy of equation (D4) can be evalmted  by a direct  compari- 
son of equations ( D l )  and (Dl).  This comparison, in turn, will provide 
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a  correction which can be  appliea t o  equation (D4) for a more accurate 
evaluation of 1. For t h i s  purpose, -equation ( D l )  can be written in the 
f o m  

1 9 + 9  = r A e  (14 )  

M co 
(D where 

The f o m  of the exact  eqwtion  (eq. ( D l )  ) as given by equation (14) is 
identical with the form of the approximate equation as given by equation 

first-order approximation  used in obtaining  equation (D4) introduces no 
error. I n  evaluating  the  actual error, it is convenient t o  determine the 
ra t io  of hpp t o  9. By eliminating  the  value of rP from the defini- 
tion of aaPp, equation (D4) and (16) are conibined t o  give 

( ~ 4 ) .  ~f *app of equation (D4) agrees with of $quat ion (14) , the 

*app = e 
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which upon-solving f o r  eaPp becomes 

a, (x + 2 r i n  x) 2 2  1 -[& 
- e  
1+ x 

The value of aaPp/@ is evaluated from the r a t i o  of equation (D6) t o  
(15), which upon simplification becomes 

Equation (D7) is plot ted in figure 5 w i t h  the r a t i o  aapp/* as the 
1 hox ordinate-  and - a8 the abscissa. The effect-of x b  is so 

small t ha t   fo r  conv&ience it is considered  negligible. Now, figure 5 
can  be  used t o  provide a second-order  correction  for  equation ( D l ) .  This 
second-order  correction is applied by using figure 5 and the resul t ing 
values of 1/1+xreq obtained from figure 4 after the f irst-order  correc- 
t i o n  is made. Then, with  the  ratio Gap# known, 0 may be determined, 
s h c e  @ was obtained  previously. Thus, CP + @ and figure 4 may be 
used t o  obtain new values of 1/1+Seq. aPP 

A check on the  accuracy of the procedure f o r  determining x,q and 
thus hf,req was made by (1) solving  equation (Dl) f o r  X req by trial- 
and-error methods = 0.318) ,. (2) neglect ing  the  las t  two  terms of 
equation (Dl) and solving the first term f o r  Xreq, thus  giving the case 

03 
N 
03 

M 
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wherein the  rotational  effects  are  neglected and only  heat  transfer from 
the blade is considered (1 req = 0.474) , (3)  solving  for xreq by  apply- 
ing  the  first-order  correction (xreq = 0.351), and (4) solving  for Xreq 
by  applying  the first- and  second-order corrections (xreq = 0.324) . The 
conditions  selected  for  this check were considered t o  be a severe test, 
and the   resul ts  show excellent agreement between the  exact  solution and 
the approximate solution  with  the  second-order  correction. 
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WLE I. - SUMMARY OF RESULTS FOR SAMpL;E CALCULATION 

LAbsolute minimum coolant flow, w/(mut)  , 0 . O n 6  .] 
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0 

(a) Air-cooled  corrugated blad 

.... Insert shell 

!"m+7"l Blade shell 
I 

(b) Typical  corrugated  section. 17t 

(c)  Ideal  corrugated section. (a) E c p i V 8 l m t  fin. 

Figure 1. - Development of equivalent f i n  from typical  corrugated section. 
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Figure 3. - Varlatlan of friction ooefflalent v i t h  Reynolde nuber. 
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Figure 4. - Plot for evaluatlou of X. (A larger working copy 
of thie fig. mag he obtained by wing the requeat card bound 
in the back of this report.. ) 
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Figure 5. - P l o t  for evaluation of *?. 
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Figure 7 .  - Curves for evaluating absolute minimum requFred coolant flaw per inch 
of corrugation. 
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req 

Figure 8. - Variation of qreq + 0 with (Pmq for absolute minimum required 
coolant flow per inch of corrugation. 
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Coolant-flow paFamster, & (yr” 2, lb/(aec)(in.) 
(b) Fin spming, 0.020 inch; f i n  thickneas, 0,010 inch. 

- Contlnwd. 
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(b) Fin spaoins, 0.020 inoh; fin thlelmenn, O.Ol.0 inch. 
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